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SUMMARY 

This report is in partial fulfillment of Contract No. 
NAS 9-3182 consisting of "~hotometric Measurements of Simula- 
ted Lunar surfaces." 

All experiments in Phase I, consisting of photometric 
measurements at 0°, 30°, and 60" viewing angles on 23 
specimens, have been essentially completed. The results of 
eight representative specimens are presented in this interim 
report. A description of the photometric analyzer, test pro- 
cedures, and specimens, is followed by a discussion of test 
results, preliminary conclusions and recommendations. 

The measured specimens include fine powders, coarse- 
grained volcanic ash, hard slags and scoria, etc. They all 
match the lunar curves at all viewing angles within the scatter 
of the lunar photometric data. The best fit is obtained by 
the "NASA slag. " The results con£ irm previous findings with 
regard to the low albedo and high porosity of the lunar surface 
but go beyond them in indicating that it is no longer necessary 
to postulate a layer or veneer of fine dust on the moon in 
order to account for the lunar photometric data since these 
data are equally satisfied by "underdense-hard" materials that 
are just as likely to exist on the moon as fluffy dust. 
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INTRODUCTION 

This is the first of two interim reports on the "~hotometric 
Measurements of Simulated Lunar surfaces" performed under Con- 
tract No. NAS 9-3182. This report covers parts of Phase I and 
Phase I1 of the contractual work as originally scheduled. 

Phase I consists of photometric measurements at 0 ° ,  30 ° ,  
and 60" viewing angles of 18 promising specimens selected 
during preliminary Grumrnan funded photometric measurements at 
normal viewing angle only (Ref. 1). Five specimens, in addition 
to those specified in the contract, are also included at no 
additional cost. ~ 1 1  specimens have been measured but only 
eight are presented in this report. That part of Phase I1 re- 
ported here consists of the preparation of samples only. 
Phase IIa experiments are currently being performed and will 
be presented in the next interim report. 

Briefly, the purpose of the experiments in Phase I is to 
measure the backscattering properties of the selected specimens 
beyond a normal viewing position in order to establish as broad 
a match as possible with the lunar photometric data. The purpose 
of the succeeding experiments in Phases IIa and IIb is to 
evaluate the effect of the albedo, macroroughness, porosity and 
grain size on the photometric function by varying each variable 
more or less independently of the others and, possibly, to 
arrive at a quantitative relationship between these physical 
properties of the lunar surface. 

The over-all purpose of the photometric investigations is 
to contribute to the definition of an "engineering" lunar surface 
model that is consistent with the material and environmental 
properties of the moon. The search for such a model may be con- 
veniently started by establishing a large variety of photometric 
models and then narrowing these down in terms of the known 
polarimetric, thermal, and dielectric properties of the lunar 
surface. The validity of these models may also be assessed inde- 
pendently under simulated environmental conditions. Earth-based 
investigations of the moon could complement in a number of ways 
the mission of unmanned lunar probes in paving the way for manned 
landing 
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A description of the photometric test setup and procedure, 
and an account of refinements recently introduced into the pho- 
tometer system are given after a brief review of current experi- 
mental work in Lunar photometry. A tentative evaluation of the 
test results is submitted pending a more complete analysis to 
be given in the final report after the completion of Phases IIa 
and lib. 
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CURRENT STATUS OF EXPERImNTAL LUNAR PHOTOmTRY - 

T h e  Lunar photometric data are presently being utilized in 
engineering studies pertaining to visibility as well as to 
surface conditions of the moon. This investigation is oriented 
more toward the latter in an attempt to improve our knowledge 
of the physical and geometrical properties of the lunar surface 
which at the present cannot be readily obtained by other means. 
The facilities, techniques and models used in this connection 
may be equally useful to those interested in lunar visibility 
studies or simulation. 

The most recent contributors to the field of lunar photome- 
try are van Diggelen (Ref. 2) and Hapke (~ef. 3) . A detailed 
review of their contributions as well as of their predecessorsl 
will be given in the final report in order to present this work 
in its proper perspective. 

It is briefly noted, however, that this work has been largely 
motivated by the paucity of known models which reproduce the 
lunar photometric curves and the notion that this could be due 
to the limitation of instruments used in "model-matching" ex- 
periments despite notable theoretical progress made in under- 
standing the lunar photometric function. 

It is known that common terrestrial rocks and soils do not 
backscatter light like the moon because they lack a sufficiently 
intricate structure. To date, the best known models that repro- 
duce the lunation curves are materials of microscopic complexity 
such as van Diggelen' s "~ladonia Rangiferina, " a variety of 
lichen, and Hapkels "fairy castles," produced by loosely sifted 
micron-size dust particles. These models, and supporting theo- 
retical estimates, suggest that a low albedo and high porosity 
("with interconnected cavities") of the order of 10% and 80% 
respectively, are the most significant properties of a material 
which backscatters light like the moon. As a result of these 
theoretical and experimental studies, it was estimated that the 
photometrically relevant properties of a specimen are not pecu- 
liar to lichen or fine dust alone, but could be possessed by 

11 "macrorough, cohesive materials provided they are examined by 
a correspondingly large photometer capable of "seeing" a suffi- 
ciently large area containing a representative number of surface 
irregularities and shadows. Consequently, a photometric analyzer 
with an area viewing capability about an order of magnitude 
Larger than t h a t  viewed by a pre~ous instr~rnent was built at 
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Grumman in order to examine theoretically promising specimens 
(such as volcanic ash and scoria) which were previously rejected 
as unsuitable, 

The Grumman photometer, the samples used, measurement teeh- 
niques and results are described in the following sections, 

TEST EQUIPMENT - 

Prior to the inception of the contractual photometric program, 
a series of other G r u m n  funded studies were conducted, using 
the photometric analyzer. As the studies progressed, improvements 
were incorporated into the equipment with a consequent refinement 
of the method of obtaining and recording the data. It was, there- 
fore, necessary to repeat all of the original investigations (at 
no additional cost to the contract) and incorporate them herein. 
Only slight differences are discernible in the original and recent 
data, with the latter being more reliable in all cases. Some of 
the improvements are described in this report. 

As shown in Figs. 1 and 2 the device simulates the sun-moon- 
earth optical relationship. The suil is simulated by a collimated 
source. It is mounted on a counterbalanced rotating arm, approxi- 
mately 8 feet from the sample. At the center of rotation, the 
sample simulates a portion of the lunar surface; the table on 
which it rests can be tilted to change the viewing angle, The 
table can be adjusted vertically to assure that the light is always 
beamed to the same part of the sample. The electronic photometer, 
mounted on the ceiling, views the sample as a similar instrument 
would view the moon from the earth. The phase angle of the actual 
sun-moon-earth geometry can be set up by rotating the sun source. 
Two additional photometers at 30' and 60" viewing angles have 
been mounted on the ceiling not only for convenience but also to 
obviate the necessity of tilting the sample table and the possi- 
bility of disturbing particulate specimens. 

Some of the unique capabilities of this photometric analyzer 
are: 

1. To read at zero and near-zero phase angles. This is 
accomplished by means of a "beam splittert' which, at phase angles 
other than zero (or near zero), is replaced by a first-surface 
mirror to assure a source of unpolarized light to and from the 
sample. At small phase angles, the polarization produced by the 
beam splitter is negligible. 
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2 ,  To p l o t  au tomat ica l ly  t h e  photometric curve a s  the  l i g h t  
source swings over the  sample. 

3. To take po la r ime t r i c  readings.  This i s  accomplished by 
means of a r o t a t i n g  po la r i z ing  f i l t e r  (polaroid)  mounted i n  f r o n t  
of the  "normal" photometer a t  the  var ious pos i t ions  of the  sun 
source,  

4 .  To sample l a r g e  a reas .  This c a p a b i l i t y  assures  meaning- 
f u l  da ta  from surfaces  having l a rge - sca le  i r r e g u l a r i t i e s ,  i . e . ,  
rnrn t o  cm. Present ly,3- inch diameter a reas  can be measured, 
This c a p a b i l i t y  could be expanded t o  12 inches or  more; the  l i m i t  
i s  e s t ab l i shed  by t h e  physical  dimensions of t h e  f a c i l i t y .  Fo- 
cused l i g h t  may be used i n  p lace  of col l imated l i g h t  f o r  very 
l a rge ,  l e s s  p r e c i s e  work. 

The ob jec t ive  l enses  f o r  t h e  photometers and sun source a r e  
twelve inch f 2.5 u n i t s  used i n  t h e  K-37 camera; t h e  camera 
bodies a r e  a l s o  used. 

The sun source and p o l a r i z e r  a r e  motor dr iven and con t ro l l ed  
a t  a s i n g l e  panel, from which t h e  s e l e c t i o n  of one of the  t h r e e  
photometers can a l s o  be made. The t h r e e  photometers may be seen 
i n  Fig.  1. Only t h e  photometer wi th  a zero degree viewing angle 
i s  equipped wi th  t h e  p o l a r i z e r .  

Crossed axes f r o n t  su r face  mirrors  a r e  used wi th  the  sun 
source t o  e l iminate  p o l a r i z a t i o n  b i a s  i n  t h e  l i g h t  received by 
t h e  specimen. A t  a zero degree phase angle,  a beam s p l i t t e r  i s  
s u b s t i t u t e d  f o r  t h e  second mir ror .  

The following f e a t u r e s  of t h e  Grumman Photometric Analyzer 
a s su re  accura te  and repea tab le  photometric measurements. 

1. The l i g h t  i s  we l l  coll imated, allowing t h e  
formation of sharp shadows. The angular s i z e  
of t h e  sun (30 minutes of a rc)  i s  dupl icated 
i n  t h e  col l imated source, so  t h a t  t h e  shadowing 
i s  more r e a l i s t i c .  The sun source i s  made uni-  
form by t h e  use of d i f f u s e r  d i s k s .  

2 .  Considerable ca re  i s  taken t o  minimize extraneous 
s c a t t e r e d  l i g h t  which could se r ious ly  pre judice  
t h e  r e s u l t s .  The equipment i s  operated i n  a dark- 
ened room. Were the  source modulated, some low 
l e v e l  i l luminat ion  would be permissible ,  but the 
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scatter of modulated light from the source 
itself would require close attention, In a 
darkened room, undesirable scatter can be 
observed and corrected for. 

3. The illuminated portion of the sample is 
slightly less than 4 inches in diameter. 
This is sufficiently large to assure an inte- 
gration of the effect of the macrostructure 
of the coarsest specimen used, such as slag, 
volcanic ash, meteorites, etc. 

4 .  Each of the three photometers is equipped 
with a field stop which carefully and defi- 
nitely limits the viewed area to a disk 
within the perimeter of the illuminated 
area. Viewing of the natural boundaries or 
edges of the specimens is avoided. The 
viewed area is carefully centered on the 
axis of rotation of the sun source so that 
the center of the illuminated disk does not 
shift as the arm supporting the sun source is 
rotated. Keeping the photometers static while 
rotating the sun source permits the examination 
of particulate materials that remains undis- 
turbed throughout the test. 

With the use of large receiver optics, the 
light collection efficiency is high and the 
signal-to-noise ratio in the phototube output 
is optimal. The use of a tungsten-iodine lamp 
with a high intensity, behind the diffuser 
disk, also favors an excellent signal-to-noise 
ratio. The coplanar recorder is operated at a 
high gain to minimize the servo error. Some 
slight servo "jitter" of the recorder is evi- 
dent, but insufficient to impair its accuracy. 
The use of a multiplier phototube (931A) is 
also conducive to an excellent signal. 

6. The combination of the tungsten-iodine source 
(operating in excess of 3000°K) and a blue 
sensitive S-4 phototube, resembles the spectral 
response of lunar photographic photometry. The 
spectral reflectance of the materials involved 
is expected to be a minor factor of the visual 
photometric function, 
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7 .  The alignment of t h e  sun source and t h e  r e -  
ce ive r s  (photometers) r e l a t i v e  t o  t h e  speci-  
mens, i s  c a r e f u l l y  ad jus ted  and p e r i o d i c a l l y  
checked by o p t i c a l  techniques,  The performance 
of t h e  e n t i r e  system i s  c a l i b r a t e d  r e g u l a r l y  
by using standard samples with s t ab le ,  know~2, 
c h a r a c t e r i s t i c s .  The e r r o r  of t h e  data  can 
be shown t o  be l e s s  than two per cent  f o r  low 
albedo mate r i a l s .  

TEST PROCEDURE 

The i n i t i a l  s t e p  with a l l  of t h e  photometric t e s t s ,  following 
t h e  sample preparat ion,  i s  t o  p o s i t i o n  t h e  specimen properly on 
i t s  s tand .  It i s  a l igned i n  a manner which permits a l l  of t h e  
photometers t o  view t h e  same i l luminated  disk,  never an edge of 
t h e  specimen or  t h e  s t and  i t s e l f .  A t h i n  veneer of powder o r  a 
t h i c k  rock specimen i s  accommodated by r a i s i n g  or lowering t h e  
s tand  so a s  t o  leave  t h e  upper su r face  of t h e  specimen a t  t h e  same 
l e v e l .  

With t h e  sun source extinguished, t h e  arm i s  r o t a t e d  i n  a 
t o t a l l y  dark room, thereby producing a hor i zon ta l  t r a c e  on t h e  
two a x i s  recorder ,  represent ing  t h e  dark cu r ren t  l e v e l .  The op- 
e r a t i o n  i s  repeated  with t h e  sun source turned on, t o  a d j u s t  t h e  
ga in  of t h e  photometer so t h a t  t h e  output  above t h e  dark cu r ren t  
l e v e l  may be normalized t o  a s tandard re fe rence  poin t  i n  t h e  
luna t ion  curve. The photometric curve i s  then taken with t h e  
f r o n t  su r face  metal  mirrors  through t h e  complete r o t a t i o n  of t h e  
sun source.  The second mirror  i s  then replaced by t h e  beam 
s p l i t t e r .  The curve i s  then completed through t h e  previously 
ec l ipsed  n ine  degrees of a r c .  

In  succession, t h e  30" and 60" photometers a r e  used t o  
p l o t  t h e  r e f l e c t i v i t y  of t h e  undisturbed specimen. The mir rors  
and t h e  beam s p l i t t e r  a r e  c a r e f u l l y  cleaned a t  each removal o r  
replacement. Light  r e f l e c t e d  by t h e  beam s p l i t t e r  t o  t h e  w a l l  
i s  t rapped by a drape of black f l o c k  cloth" t o  prevent a secondary 
r e f l e c t i o n  from t h i s  source. 

The t e s t  curves a r e  au tomat ica l ly  p l o t t e d  on a recorder  a s  
the  sun source i s  r o t a t e d  throughout a f u l l  lunat ion .  When t h e  
specimen curves have been completed, a p l a s t i c  template f o r  each 
corresponding s tandard lunat ion  curve i s  m t c h e d  t o  it a t  t h e  
previous ly  e s t a b l i s h e d  normalizat ion po in t ,  and the  lunar  curve 
i s  drawn in .  

-1. 4b 

Synthon Inc . , Cambridge, Mass, 
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The standard luna t ion  curves of van Diggelen ( R e f ,  2) a r e  
used i n  t h i s  r epor t  a s  a b a s i s  of comparison with t h e  t e s t  curves,  
These curves have a l s o  been used by Hapke (Ref. 3 ) .  The 0°,  30°, 
and 6 0 "  s tandard curves correspond t o  t h e  0- lo0 ,  30-50°, and 
50-90" c rescen t s  of van Diggelen a s  shown i n  Fig.  3 ( ~ e f .  2 ) .  
The poin ts  i n  t h i s  f i g u r e  represent  the  lunat ion  curves of i n -  
d iv idual  c r a t e r s  on the  moon and reveal  an appreciable  s c a t t e r .  
No attempt was made t o  i n t e r p o l a t e  lunat ion  curves from the  
van Diggelen s tandard f o r  a c t u a l  30" and 60" longi tudes t o  
correspond t o  t h e  f i x e d  loca t ion  of our photometers. The s l i g h t  
change t h a t  such an i n t e r p o l a t i o n  would introduce i s  probably 
within t h e  s c a t t e r  of t h e  lunar  da ta .  This i n t e r p o l a t i o n  w i l l  
be done i n  a f u t u r e  r e p o r t  and t h e  r e s u l t s  w i l l  be compared with 
other  published lunar  s tandards ( p a r t i c u l a r l y  those of O r 1  ova 
f o r  the lunar  highlands and lowlands) i n  order t o  e s t a b l i s h  a 
lunar  photometric s tandard  cons is t ing  of a ''band" r a t h e r  than a 
s i n g l e  l i n e .  

SAMPLE SELECTION AND PREPARATION 

The con t rac tua l ly  requi red  specimens were analyzed photo- 
me t r i ca l ly  and albedos determined. They a r e  l i s t e d  a s  follows: 

1. S i l v e r  Chloride (Aged) 10. Foam 

2. Copper Oxide 11. S i l v e r  Chloride (Aged) on Foam 

3. Copper Oxide on Scoria  No. 2 12. Dendr i t ic  Copper 

4 .  Volcanic Ash No. 1 13. Meteori te  (Imilac) 

5. Volcanic Ash No. 2 14. Meteori te  (~r-asnojarsk-896) 

6. Volcanic Ash No. 3 15. Coral No. 1 

7 .  NASA Slag (Smooth) 16. Coral No. 2 

8. NASA Slag (Rough) 17. Coral No. 3 

9. Copper Oxide on Slag 18. Coral No. 4 
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In addi t ion ,  a number o f  noncontractual spec imns  w e r e  a l s o  i n -  
ves t iga ted  a t  no a d d i t i o n a l  c o s t ,  

1 9 .  Carborundum 

20. Leveled NASA Slag (Rough) 

21, Meteorite (Kcasnojarsk-897) 

22. Scoria  No. 1 

23. Scoria  No. 2 

The s i l v e r  ch lor ide ,  copper oxide and carborundum a r e  f i n e  
powders ( l e s s  than .037 rnm). A l l  powders were l i g h t l y  s i f t e d  
through a 400 mesh screen onto a f l a t ,  smooth, board f o r  a mini- 
mum thickness  of 2 mm. The s i l v e r  ch lo r ide  specimen was then 
darkened by exposing i t  t o  sun l igh t ,  modifying t h e  sur face  t o  an 
oxide and poss ib ly  some f r e e  s i l v e r .  

The volcanic  ash (Fig. 7 d ) c o n s i s t s  of porous p a r t i c l e s  pre-  
dominantly of centimeter s i z e .  The exact  d i s t r i b u t i o n  of p a r t i c l e  
s i z e  w i l l  be determined and incorporated i n t o  a f u t u r e  r e p o r t .  

The "NASA s lag , "  shown i n  Fig .  8d, i s  a s o l i d  s l a b  of complex 
tex tured  furnace s l a g  (118 t o  114 inch angular  p ro jec t ions  and 
interconnected c a v i t i e s )  having a f a i r l y  f l a t  sur face  on one s ide,  
r e f e r r e d  t o  a s  "smooth," and a s l i g h t l y  more i r r e g u l a r ,  knobby 
sur face  on t h e  o ther ,  termed "rough." Actually,  both s i d e s  a r e  
equal ly  rough. The wedge shape of t h e  s l a b  accounts f o r  the  

11 asymmetrical curve of t h e  rough s ide ."  When leveled,  some syrn- 
metry was re s to red .  

A composite model was c rea ted  by s i f t i n g  t h e  same copper 
oxide powder used i n  specimen 2 onto the  f l a t  NASA furnace s lag ,  
number 7. 

The foam (specimen 10) i s  a dark, f l e x i b l e ,  polyurethane foam, 
plucked t o  g ive  i t  an i r r e g u l a r  surface.  A composite model was 
c rea ted  by s i f t i n g  t h e  s i l v e r  ch lo r ide  (specimen 1) upon it, and 
aging it i n  sun l igh t .  

The o r i g i n a l  d e n d r i t i c  copper was l o s t  and replaced wi th  a 
somewhat l e s s  d e n d r i t i c  specimen of n a t i v e  copper a s  shown i n  
F ig ,  13. The meteor i tes  a r e  a l l  p a l l a s i t e s ,  including t h e  
Imilac shown i n  F ig ,  9d. 
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Except f o r  c o r a l  number 1, which has been s l i g h t l y  darkened, 
a l l  a r e  n a t u r a l  c o r a l  specimens. Coral number 2 i s  shown i n  
Fig .  10d. 

The s c o r i a  specimens shown i n  Fig .  l l d  a r e  alrnost i d e n t i c a l  
s l a b s  having closed ves icu les  with a depth t o  diameter r a t i o  of 
two t o  one. Scoria number 1 i s  s l i g h t l y  darker than number 2 .  

Phase 11 - 

A s  descr ibed i n  t h e  cont rac t ,  Phase 11 c o n s i s t s  of examin- 
ing composite specimens of simple geometric forms wi th  a su r face  
of f i n e  dark powder. 

The geometric forms have been made from wood and t h e  powder 
i s  e s s e n t i a l l y  t h e  copper oxide of Phase I, s i f t e d  through a 
400 mesh screen.  Although t h e  forms have been prepared, t h e  
photometric measurements have no t  been made, but a r e  expected 
t o  be r epor ted  on i n  the  next  in te r im r e p o r t .  

DATA PRESENTATION - 

In  t h e  e a r l y  photometric s t u d i e s  conducted by Grumman, the  
lunar  and specimen r e f l e c t i v i t y  curves were normalized a t  a zero  
degree phase angle .  This r ep resen ta t ion  was poss ib le  because t h e  
use of t h e  beam s p l i t t e r  enabled us  t o  obta in  da ta  a t  zero de- 
grees .  

A re -evalua t ion  of t h e  t e s t  curves produced by us  and by 
o thers  revealed  t h a t  a more r e a l i s t i c  poin t  a t  which t h e  lunar  

11 and t e s t  curves could be normalized i s  t h e  near  ec l ipse"  po in t  
s ince  t h e  r e f l e c t i v i t y  of t h e  moon a t  t h i s  poin t  i s  known 
whereas a t  zero phase i t  i s  no t .  It was decided t h e r e f o r e  t o  
re run  a l l  t h e  curves by normalizing them a t  the  poin t  where t h e  
beam s p l i t t e r  obscures t h e  samples. This poin t  i s  about a t  
k4.5" phase, 

Research Dept. 
RM-250 
November 1964 



So f a r ,  e i g h t  specimens have been rerun  with t h e  normaliza- 
t i o n  poin t  below t h e  ext rapola ted  peak. They a re :  

S i l v e r  Chloride (Aged) 

Copper Oxide 

Volcanic Ash No. 3 

NASA Slag (Level, ~ o u g h )  

Imilac 

Coral No. 2 

Scoria  No. 1 

Scoria  No. 2 

Specimen No, 1 Fig ,  5 

S p e c i m e n ~ o ,  2 Fig ,  6 

SpecimenNo. 6 F ig ,  7 

Specimen No. 20 Fig.  8 

SpecimenNo. 13 Fig.  9 

Specimen No. 16 F ig ,  10 

SpecimenNo. 22 Fig.  11 

Specimen No. 23 Fig.  12 

The remaining curves w i l l  be submitted i n  t h e  next  in te r im r e p o r t .  

DISCUSSION OF TEST RESULTS 

The r e s u l t s  of t h e  photometric measurements a r e  shown i n  
Figs .  5 t o  12. The s tandard luna t ion  curves used f o r  compari- 
son with che t e s t  curves a r e  those of van Diggelen (Ref, 2) 
shown i n  F ig .  3. Albedo values accompany t h e  test curves. 

A prel iminary s tudy of the  cu r ren t  r e s u l t s  suggest some con- 
clusions,  some of which have been found by o the r  inves t iga to r s .  
Br ief ly ,  t h e  following remarks could be made a t  t h i s  time: 

A l l  t h e  specimens show a maximum radiance a t  
zero  phase angle  (corresponding t o  f u l l  moon) 
independent of t h e  viewing angle  (or loca t ion  
on t h e  moon) . This photometric p e c u l i a r i t y  of 
t h e  moon was f i r s t  discovered by Barabashev 
(Ref, 4) and i s  obeyed by a l l  t h e  specimens we 
have se lec ted .  In  no case was a s h i f t  i n  phase 
not iced ,  t h a t  i s  t o  say, a l a g  between zero 
phase ( f u l l  moon) and maximum radiance,  a s  r e -  
por ted  by van Diggelen ( ~ e f .  2) f o r  some of 
t h e  rayed c r a t e r s  shown i n  Fig.  4. It may 
be p e r t i n e n t  t o  no te  t h a t  Gehrelsl" r ecen t  

-1- d b  

Universi ty  of Arizona, Lunar and Planetary  Laboratory 
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observation of these craters (unpublished data) , 
like our o\m measurements of laboratory speci- 
mens, do not confirm this photometric anomaly 
reported by van Diggelen. 

The zero phase peak of the specimens (made possi- 
ble by means of the beam splitter) exceeds the 
extrapolated peak of the standard lunation curve 
within k4.5' phase near eclipse. The lunar 
data in this region should remain suspect until 
more reliable measurements as close to eclipse 
as possible are taken. Gehrelsl unpublished 
curves for particular areas of the moon reach 
closer to the zero phase point than previously 
published curves and show a tendency toward 
a sharper backscatter similar to our test 
curves. It would be interesting to compare 
Gehrelsl curves (if and when they are pub- 
lished) with those of the specimens. For a 
meaningful comparison it would be necessary to 
make new measurements on the specimens at 
viewing angles corresponding to the longitudes 
of the particular areas observed by Gehrels, 

3. The match between the test and lunar curves at 
larger phase angles is good for the 0" as 
well as for the 30" and 60°3 particularly 
for the "NASA slag. " The photometric proper- 
ties of the "cohesive" models at larger viewing 
angles, unlike those of the AgCJ and CuO 
powders3were unknown but appear to be equally 
good. The hard "NASA slag" and the coarse- 
grained volcanic ash reproduce the lunar 
curves as well as or better than the powder 
specimens at all viewing angles. 

In evaluating the test results it would be useful to recall 
that what is being compared is the "detailed" photometry of small 
laboratory specimens with the "integrated" photometry of the moon 
representing an area orders of magnitude larger. The standard 
lunation curves of van Diggelen represent averages for crescents 
encompassing some 10' to 40' longitudes; as to the Orlava 
standards, they represent averages for the highlands or the maria, 
The lunation curves of individual areas on the moon reveal a 
sizable scatter when plotted with the average curves, as shown in 
Fig. 3. What is significant in the lunar standards is the fact 
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t h a t  i n  alL cases  they peak a t  or  near zero phase and follow a 
c o n s i s t e n t l y  uniform t rend a t  l a r g e r  phase angles  d e s p i t e  the 
s c a t t e r  and regardless  of loca t ion  on the  moon. The t e s t  curves 
should be assessed i n  the  l i g h t  of the  s c a t t e r  wi th in  the  lunar  
data  and the  s i g n i f i c a n t  p roper t i e s  t h a t  a r e  common t o  the  photo- 
metr ic  curves of indiv idual  lunar  a reas  o r  s tandard averages.  
In t h i s  perspect ive  most of t h e  proposed specimens t h a t  were 
found promising on the  b a s i s  of t h e i r  good match a t  normal view- 
ing ang le  (Ref. 1) reproduce t h e  e n t i r e  lunar  da ta  reasonably 
wel l .  

The albedo of a l l  t h e  specimens showing a good f i t  wi th  t h e  
lunar  curve, except t h a t  of t h e  co ra l ,  i s  of t h e  same order of 
magnitude as t h a t  of t h e  lunar  sur face .  The good match wi th  t h e  
co ra l  could be explained by t h e  f a c t  t h a t  i t s  high albedo i s  
compensated by a high degree of complexity a t  both micro and macro 
sca les .  

The good r e s u l t s  obtained wi th  the  hard  NASA s lag  and coarse-  
grained volcanic  ash a r e  s i g n i f i c a n t  i n  a s  much a s  these  models 
were inves t iga ted  by o the r s  (Refs. 2 and 3) and r e j e c t e d  a s  un- 
s u i t a b l e .  It i s  apparent t h a t  n e i t h e r  a microrough s t r u c t u r e  
nor a very  low bearing s t r eng th  a r e  necessary condi t ions t o  r e -  
produce t h e  lunar  photometric curves.  The volcanic  ash,  i n  
p a r t i c u l a r ,  i s  of p a r t i c u l a r  i n t e r e s t  because it i s  one of few 
mate r i a l s  repor ted  by Dollfus (Ref. 5) t o  match c l o s e l y  t h e  lunar  
p o l a r i z a t i o n  curve,  It would be very des i rab le  t o  measure t h e  
po la r ime t r i c  and thermophysical p roper t i e s  of t h e  Hawaiian vol -  
canic  ash,  t h e  NASA s l a g  and o ther  specimens of good photometric 
q u a l i t y .  

Van Diggelen measured t h e  photometric p roper t i e s  of severa l  
specimens of volcanic  ash.  He found t h a t  t h e i r  albedo was very 
c lose  t o  t h a t  of t h e  lunar  c r a t e r s  but t h e  shape of t h e i r  pho- 
tometr ic  curves d i d  no t  agree wi th  those of t h e  moon. A s  a r e -  
s u l t ,  he  was l e d  t o  conclude t h a t  "from a photometric poin t  of 
view t h e  lunar  su r face  i s  i n  no case t o  be described a s  a plane 
layer  covered by volcanic  ashes.  " The r e s u l t s  obtained with t h e  
Hawaiian volcanic  ash  render t h e  above conclusion premature and 
s t r e s s  t h e  importance of adequate sample s e l e c t i o n  and i n s t r u -  
mental refinements i n  model-matching experiments of t h i s  na tu re .  
The l a r g e  area-viewing c a p a b i l i t y  of t h e  Grumman photometer was 
a l ready mentioned a s  a p e r t i n e n t  f a c t o r .  The inf luence  of 
sample c h a r a c t e r i s t i c s ,  such a s  g ra in  s i z e ,  albedo, poros i ty ,  
roughness, w i l l  be inves t iga ted  i n  Phase 11. 
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The above discussion of tzst results is preliminary and in- 
complete. It is hoped that a more adequate and meaningful evalua- 
tion of the Phase I findings will be presented after the completion 
of Phase 11. 

CONCLUSIONS - 

Particulate and massive materials selected on the basis of 
their good match with the lunar photometric curve at normal view- 
ing angle exhibit an equally reasonably good fit at 30" and 60" 
viewing angles. 

The low albedo and high porosity that is common to nearly 
all the good photometric models confirm previous findings by 
others (notably by van Diggelen and Hapke) and indicate that the 
outermost layer of the moon, whatever its origin, is nearly uni- 
formly covered by a dark disrupted and intricately vesicular or 
dendritic material. The albedo and porosity of the contending 
lunar models (of the order of 10% and 80% respectively) deviate 
considerably from those of common terrestrial soils and rocks 
but could be accounted for reasonably by the known peculiarities 
of the lunar environment (Ref. 6) . 

The differences in material composition, bearing strength, 
consistency, depth and scale of roughness between the good photo- 
metric models are equally instructive. They indicate that these 
properties are not very relevant photometrically, hence, they . 

should not be inferred from the lunar photometric data. 

The major significance of these findings is that it is no 
longer necessary to postulate a layer of fine dust on the moon in 
order to account for the lunar photometric data since these data 
appear to be equally satisfied by cohesive models such as slag 
and scoria. These materials are just as likely to exist on the 
moon as fine dust. Unfortunately, the lunar photometric data are 
inherently not capable of narrowing the considerable divergence in 
bearing strength that exists between the good models revealed by 
this and other investigations. However, the high porosity that 
is common to nearly all of these models could contribute to the 
solution of this problem when used in conjunction with the lunar 
thermal data as discussed in Ref. 6. It is hoped that a quanti- 
tative estimate of this porosity could be made in Phase I1 of 
this investigation. 
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Useful areas of further investigations have emerged from the 
Phase I experiments. Some of these are directly related to pho- 
tometry, other areas involve the interpretation of the less ex- 
plored regions of the lunar data. 

Briefly, these areas involve the following experiments: 

1. Measure the lunation curves of the existing 
specimens at viewing angles corresponding to 
the longitudes of the individual craters mea- 
sured recently by Gehrels. Compare the curves 
with the Gehrels data (when they are published) 
particularly near the zero phase angles. 

2. Measure the lunation curves of the existing 
specimens at discrete wavelengths ranging 
from near UV to near I R .  Compare the 
curves with corresponding lunar data if and 
when such data become available. 

3. Measure the polarimetric properties of the 
existing and other specimens. Determine 
material and geometrical properties that are 
polarimetrically relevant. This portion of 
the lunar data is one of the least explored 
and understood. 

The above experiments could parallel or follow the present 
work. The measurement of thermophysical and dielectric properties 
is equally important and will be dealt with in future reports. 
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Fig .  2 S k e t c h  o f  Grurnrnan P h o t o m e t r i c  A n a l y z e r  
(30" & 60' P h o t o m e t e r s  Not Shown) 

Research Dept . 
RM-250 
November 1964 



I 

I 
I 

I 

4 
I 

4 

1 
Y-' 8 

,"& i 
@ 0" I ,i, d 1 

i 0 a@ 4 
u 

a ,  0 ,  I 
I 

I .  
I 

/ ' 

4 1 
1 

i 

I 

// \ i 
5 0 1  

i 

-i j * / H F , /  \ 

- >--* b 

0 - - . 1 

1 
-120 -90 -60 -30 0 

1 0  
+30 +60 i-90 i-120 

g 

Figure 3 .  Van Diggelen's mean lunation curves of c r a t e r  floors for four different c rescents  
of selenographic longitude. Individual plains \a\ and highlands (0)  in the same  
crescent  a r e  measurements  by Fedoretz. The four figures a r e  related with: 

1) Crescent  X 0 - 10 ,  /3 0 - 90 3) Crescent X 30 - 50, 0 0 - 90 

2) Crescent  X 10 - 303 /3 0 - 90 4) Crescent X 50 - 90, 0 - 90. ~ e f .  (2). 
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Figure 4 .  Lullation curves of four r ay  c ra t e r s  near  the standard points. 
Copernicus , Tycho, Kepler and Aristarchus. The observers  
and the meaning of the marks  i s  given in Ref. (2) .  
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Figure 7d. Volcanic Ash Sample No. 3 
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Figure 8d. NASA Slag 
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Figure 9d, "Irnilac" Metallic Meteorite 
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Figure 10d. Caribbean Coral Sample No. 2 
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Figure l l d .  Scoria No. 1 (Light) and No. 2  a ark) 
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Figure 13. Native Copper 
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